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Abstract

In supervisor synthesis achieving nonblockingness is a major computational challenge
when a target system consists of a large number of local components. To overcome
this difficulty we propose an approach to synthesize a coordinated distributed supervi-
sor, where the plant is modeled by a collection of nondeterministic finite-state automata
and the requirement is modeled by a collection of deterministic finite-state automata.
The synthesis is based on a previously developed automaton abstraction technique. We
provide a sufficient condition, which guarantees the maximum permissiveness of the syn-
thesized coordinated distributed supervisor. In addition, we show that the problem of
finding a coordinator with the minimum number of states is NP-hard.
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Introduction

In the Ramadge/Wonham supervisory control paradigm [1] [2] one of the main challenges
of supervisor synthesis is to achieve nonblockingness when a target system has a large
number of states, often resulted from synchronous product of many relatively small local
components. To overcome this difficulty, many approaches have been proposed recently,
e.g. state-feedback control based on state-tree structures [5], hierarchical interface-based
control [4] and modular/distributed control [26] [24] [14] [22] [25] [23] [6] [8] [18] [16] [15]
[17].

The modular/distributed approaches with decomposable requirements are particular in-
teresting for two reasons: potentially low synthesis complexity and high implementation
flexibility. The low complexity is achieved through local synthesis, and implementation
flexibility refers that, a structural change of the target system may result in only a small
number of relevant local controllers to be updated. In this paper we propose an approach
to synthesize a coordinated distributed supervisor. We adopt the basic setting of dis-
tributed supervisory control described in [11], where the plant is modeled by a collection
of nondeterministic finite-state automata and the requirement is modeled by a collection
of deterministic finite-state automata. The synthesis goal is to compute a collection of
deterministic local nonblocking state-normal supervisors such that the global requirement
satisfaction and nonblockingness can be achieved. We make three contributions in this
paper. First, we present an approach to synthesize a coordinated distributed supervi-
sor. Second, we show that the problem of computing a coordinator with the minimum
number of states is NP-hard. Finally, we provide a sufficient condition, which guarantees
the maximum permissiveness of the synthesized coordinated distributed supervisor. To
illustrate the effectiveness of the proposed approach we apply it to a realistic problem.

The synthesis approach utilizes an automaton abstraction technique proposed in [10],
which is different from the language-based abstraction technique presented in, e.g. [6]
[18] [7] [16], and different from other automaton-based abstraction techniques provided
in, e.g. [8] [19] [13] [15] [17]. In short, the proposed abstraction technique may potentially
result in smaller abstracted models than those obtained by using the above mentioned
language or automaton-based techniques. More detailed explanations about the compar-
ison of abstraction techniques can be found in [10]. Since this paper is about distributed
synthesis, its focus is completely different from that of [10] and [13], which are about cen-
tralized synthesis. Although the setting of distributed supervisory control of this paper
is the same as that of [11], the latter aims to compute a distributed supervisor by using
an aggregative approach. As a contrast, this paper is about computing a coordinated
distributed supervisor. In a certain sense, the aggregative approach is a special instance
of the approach proposed in this paper, where each coordinator is treated as a local su-
pervisor. This paper also presents several results about distributed supervisor synthesis
that have not been mentioned in [11] and all other aforementioned papers about modu-
lar /distributed synthesis. More explicitly, we first show the NP-hardness of computing a
coordinator with the smallest state set, then provide a sufficient condition to guarantee
the maximum permissiveness of the synthesized distributed supervisor (including the one
obtained by using the aggregative approach) when partial observation and nondetermin-
ism may be present in the plant model. Although in [26] [24] [14] [22] [25] [6] [16] some
sufficient conditions for maximum permissiveness are also presented, they aim at a deter-
ministic system with full observation. Furthermore, the concept of model abstraction is
not used in them except for [6] and [16]. In [6] the authors assume that the plant is a shuf-
fle system, in which the alphabets of subsystems are disjoint. They provide a sufficient
condition to guarantee the maximum permissiveness of a modular supervisor computed
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based on an abstracted plant model. In [16] the authors consider a general plant model,
which need not be a shuffle system. To achieve the maximum permissiveness, the authors
adopt the concept of mutual controllability defined in [14]. In this paper we also assume
that the plant is not a shuffle system, and it is modeled by nondeterministic finite-state
automata. In addition, the partial observation may be present. We extend the concepts
of local control consistency defined in [16] and the mutual controllability defined in [14]
so that they are applicable to a nondeterministic system. It turns out that the results of
[16] and [14] about maximum permissiveness become special cases of the general results
obtained in this paper.

This paper is organized as follows. In Section II we review relevant concepts, automaton
operations and the general setting of distributed supervisory control described in [11].
Then in Section III we first present a synthesis approach which computes a coordinated
distributed supervisor based on abstractions of nondeterministic automata, then show
that the problem of finding a coordinator with the minimum number of states is NP-
hard, and finally provide a sufficient condition to guarantee the maximum permissiveness
of the synthesized coordinated distributed supervisor. A realistic example is provided in
Section IV and conclusions are stated in Section V.

Necessary concepts and results of distributed su-
pervisor synthesis

In this section we review basic concepts and results of distributed supervisor synthesis
described in [10] [11], which will be used in the synthesis of coordinated distributed
supervisors discussed in the next section. Because these concepts and results have been
discussed in the literature, we will only provide simple explanations when we feel is
necessary. More details can be found in [10] [11].

Concepts of languages, nondeterministic finite-state automata and automaton ab-
straction

Let 3 be a finite alphabet, and ¥* denote the Kleene closure of ¥, i.e. the collection
of all finite sequences of events taken from ¥. Given two strings s,t € ¥, s is called a
prefiz substring of t, written as s < t, if there exists ' € ¥* such that ss’ = ¢, where
ss’ denotes the concatenation of s and s’. We use € to denote the empty string of X*
such that for any string s € ¥*, es = se = s. A subset L C X* is called a language.
L ={se¥(3teL)s <t} CY*is called the prefir closure of L. L is called prefir
closed if L = L. Given two languages L, L' C ¥*, LL' := {ss' € ¥*|s€ L N s’ € L'}.

Let ¥ € ¥. A mapping P : ¥* — ¥'* is called the natural projection with respect to
(3,5, if
1. Ple)=¢

o ifoe¥
e otherwise

2. Vo eX)P(o) = {

3. (Vso € ¥*) P(so) = P(s)P(o)

3 Necessary concepts and results of distributed supervisor synthesis



Given a language L C ¥*, P(L) := {P(s) € £*|s € L}. The inverse image mapping of
Pis
P1:2% 9% L PYL) :={s € ©*|P(s) € L}
Given L1 C X7 and Lo C 33, the synchronous product of L1 and Ly is defined as:
Lyi||Ly == Py Y (L1) NPyt (Lo) = {s € (X1 UX2)*|Pi(s) € L1 A Py(s) € Lo}

where P; : (X1 UX3)* — X7 and P : (31 UX2)* — 35 are natural projections. Clearly, ||
is commutative and associative. Next, we introduce automaton product and abstraction.

A nondeterministic finite-state automaton is a 5-tuple G = (X, %, €, xo, X)), where X
stands for the state set, ¥ for the alphabet, £ : X x ¥ — 2% for the nondeterministic
transition function, xq for the initial state and X, for the marker state set. As usual [9],
we extend the domain of £ from X x 3 to X x X*. If for any 2 € X and 0 € &, £(z,0)
contains no more than one element, then G is called deterministic. Let

B(G) :={s € *|(3x € &(xo, 5))(Vs' € ) &(x, s') N X, = B}

Any string s € B(G) can lead to a state z, from which no marker state is reachable, i.e.
for any s’ € ¥*, £(z,5') N X,, = @. Such a state x is called a blocking state of G, and
we call B(G) the blocking set. A state that is not a blocking state is called a nonblocking
state. We say G is nonblocking if B(G) = @. For each z € X, we define another set

Ng(z) :={s e T*|¢(z,s) N X,,, # @}

and call Ng(xg) the nonblocking set of G, which is simply the set of all strings recognized
by G. For the notation simplicity, we use N(G) to denote Ng(zg). It is possible that

B(G) N N(G) # @, due to nondeterminism. Let ¢(X) be the collection of all finite-state
automata over X. Given a language K C ¥*, we say G € ¢(X) is a recognizer of L, if G
is deterministic, nonblocking and N(G) = K.

Given two nondeterministic automata G; = (X;, X, &, %o, Xm,i) € #(Z;) (i =1,2), the
product of G1 and Ga, written as G1 X G2, is an automaton in ¢(X; U Xg) such that

G x Gg = (X1 x X2,51 U9, &1 x &, (%0,1,%0,2), Xm,1 X Xm,2)
where & x & : X1 x Xo x (31 UXy) — 2X1%X2 ig defined as follows,

fl(l'l,U)X{JJg} ifoeX —%,

(&1 x &)((w1,22),0) =< {z1} x (22, 0) ifoeXy—,
51(:6170') X§2(CC270') ifo€e¥1 Ny

As usual, & x & is extended to X7 x Xa x (X7 U Xg)* — 2X1XX2 By a slight abuse of
notations, from now on we use G; x G2 to denote its reachable part. Next, we introduce
automaton abstraction.

Definition 2.1. [10] Given G = (X, %, &, z9, X ), let ¥/ C ¥ and P : ¥* — 3'* be the
natural projection. A marking weak bisimulation relation on X with respect to ¥’ is an
equivalence relation R C X x X such that, R C {(z,2') € Xx X|xz € X,, < 2’ € X\, }
and

(V(z,2') € R)(Vs € %) (Vy € £(x,8))(Fs’ e Z*) P(s) = P(s"Y Ny € &(2',8) (y,y') € R



The largest marking weak bisimulation relation on X with respect to ¥/ is called marking
weak bisimilarity on X with respect to ¥/, written as =~y . O

Definition 2.2. [10] Given G = (X, %, &, 2, X i), let ¥/ C . The automaton abstraction
of G with respect to the marking weak bisimulation a5 is an automaton G/ ~y/:=
(Z,%,6, 20, Zym) where

1. Z:=X/my:i={<z>={0 € X|(z,2') e~y }Hz € X}
2. zp =<z >

3. Zm={z€ZznX,, # 2}

4. §:Z x ¥ — 2% where for any (z,0) € Z x ¥,
8(z,0):={2" € Z|(Fzr € 2)(Fu, v € (X —X")*)&(z,uou’) N 2" # &}

O

Definition 2.3. [10] Given G; = (X;, %, &, %0, Xim) (i = 1,2), we say G1 is non-
blocking preserving with respect to Gz, denoted as G; C G, if (1) B(G1) C B(G2), (2)
N(Gl) = N(Gg), and (3) (VS S N(Gl))(Vxl S 51(:171_]0,8))(5@2 S 52(17270,5)) NG2($2) -
Ng,(x1) A (11 € X1 <= 22 € Xom]. We say G is nonblocking equivalent to Ga,
denoted as G1 = G, if G1 C Gy and G C Gy O

To use the proposed automaton abstraction properly, we need to introduce the concept
of standardized automata, which is defined as follows. We bring in a new event symbol
7, which does not belong to any alphabet, and is always treated as uncontrollable and
unobservable. We call an automaton G™ = (X, X U {7}, &, zo, X,n) standardized if

1.2o ¢ X A (Ve € X)[E(2,7) # 8 <= x = x¢]
2. (Vo €X)&(xp,0) =9
3. Ve X)(Vo e ZU{r})xo ¢ &(z,0)

A standardized automaton is nothing but an automaton, in which zy is not marked, 7
is only defined at xp, which only has outgoing 7 transitions and no incoming transition.
For notation simplicity, from now on we use X7 to denote ¥ U {7}, where 7 ¢ ¥, and
use ¢(X7) to denote the collection of all standardized automata whose alphabets are X.7.
We can check that, abstraction of a standardized automaton is still standardized and the
product of two standardized automata is also standardized.

Proposition 2.4. [10] Given G1,G2 € ¢(X7),Gs € ¢(X'7), if G1 C Go then G x G3 C
G2 X G3. [l

Proposition 2.5. [10] Given X7 and X7, let G1 € ¢(X7), G2 € ¢(X7) and &' C £; UXs.
If X1 NXy C Y, then (Gl X GQ)/ Ry (Gl/ %(2102/)7) X (GQ/ %(Ezmz/)r). (I

5 Necessary concepts and results of distributed supervisor synthesis
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In control engineering examples G usually consists of a large number of small automata,
namely G = Gy x -+ - x G, for some very large number n € N, where G; € ¢(X7) for each
i =1,2,---,n. How to compute G/ ~y imposes a great computational difficulty. To
overcome it, we propose the following algorithm. Let I = {1,--- ,n} for some n € N. For
any J C I, let X7 := Uje 7.

Sequential Abstraction over Product: (SAP)
(1) Inputs: a collection {G; € ¢(X7)|i € I'} and an alphabet X/ C U;e; X7 with 7 € 3.
(2) For k=1,2,--- ,n, we perform the following computation.

o Set Jyi={1,2,-- ,k}, T := 5, N (3], U
o If k =1 then Wy := G1/ =7,
o If k> 1 then Wy, := (Wi_1 X Gi)/ =,

(3) Output of SAP: W, O

Proposition 2.6. [12] Suppose W,, is computed by SAP. Then (x;¢;G;)/ = C W,,. O

SAP allows us to obtain an abstraction of G = X;c;G; in a sequential way. Thus, we can
avoid computing G explicitly, which may be prohibitively large for systems of industrial
size. Next, we discuss how to perform distributed supervisor synthesis.

Concepts and results of distributed supervisor synthesis

In this subsection we briefly review concepts and some results of distributed supervisor
synthesis described in [10] and [11]. We first provide concepts of state controllability,
state observability, state normality, and nonblocking supervisor, which are introduced in
[10]. Then we present a distributed supervisor synthesis problem. Finally, we provide
some results about distributed supervisor synthesis, whose proofs are given in [11].

Given G = (X, X%, &, z9, X;n), for each z € X let

Eqg:X =22 Eg(z) = {0 € S|&(x,0) # &}
Thus, E¢(x) is simply the set of all events allowable at = in G. We now bring in the
concept of state controllability. Let ¥ = X, U X, where the disjoint subsets X, and ¥,
denote respectively the set of controllable events and the set of uncontrollable events.

From now on, whenever 7 appears in an alphabet, it is treated as an uncontrollable
event. Let L(G) := {s € ¥*|¢(x0, s) # T}.

Definition 2.7. [10] Let G = (X, %X,£, 20, Xn), ¥ C %, and A = (Y, X, 0,90, Ym) €
¢(X') and P : ©* — ¥'* be the natural projection. A is state-controllable with respect to
G and X, if

(Vs € L(G x A))(Vx € £(w0,5))(Vy € n(yo, P(s))) Ec(z) N Tue NE' C Ea(y)



We now introduce the concept of state observability. Let ¥ = ¥,U3,,,, where the disjoint
subsets ¥, and ¥, denote respectively the set of observable events and the set of un-
observable events. Whenever 7 appears in an alphabet, it is treated as an unobservable
event. Let P, : ¥* — X7 be the natural projection.

Definition 2.8. [10] Let G = (X, X, &, 20, X;n) € 9(X), X' C X, and A = (Y, X', 1,40, Yin) €

d(X'). A is state-observable with respect to G and P, if for any s,s’ € L(G x A) with

P,(s) = P,(s’), we have

(V(z,y) € Exnl(zo,50), )(V(2',y') € Exn((20,40), 5")) Egxalz, y)NEg (2" )N € Ea(y')
O

Notice that, if ¥, = X, namely every event is observable, A may still not be state-
observable, owing to nondeterminism. In many applications we are interested in an even
stronger observability property called state normality which is defined as follows.

Definition 2.9. [10] Let G = (X, %,&, 20, Xpm) € ¢(2), X' C X, and A = (Y, Y, 1,90, Yim) €
d(X') and P : ¥* — ¥'* be the natural projection. A is state-normal with respect to G

and P, if for any s € L(G x A) and s’ € P, *(P,(s)) N L(G x A), we have

(V(2,y) € Exn((x0,0),5"))(Vs" € ) Po(s's") = Po(s) N&(x,8") # @ = n(y, P(s")) # @
O

We can check that state normality implies state observability. But the inverse statement
is not true. We now introduce the concept of supervisor.

Definition 2.10. [10] Given G € ¢(X) and H € ¢(A) with A C ¥/ C ¥, an automaton
S € ¢(X') is a nonblocking supervisor of G under H, if S is deterministic and the following
conditions hold:

N(GxS)C N(Gx H)
B(GxS)=o

S is state-controllable with respect to G and X,

Ll

S is state-observable with respect to G and P, O

By the first condition of Def. 2.10, the closed-loop system G x S complies with the
specification H in terms of language inclusion. Later we will use the term ‘nonblocking
state-normal supervisor’ (NSN), when we want to emphasize that S is state-normal with
respect to G and P,. From Prop. 4 in [10] we get that

CN(G,H) :={S € ¢$(X)|S is a NSN supervisor of G under H A L(S) C L(G)}
contains an element S such that for all S € CA(G, H), we have N(S) C N(S). We call

S the supremal nonblocking state-normal supervisor of G under H. In practice it is of
our primary interest to compute such a supremal nonblocking state-normal supervisor.
A computational procedure for such a supervisor is provided in [11]. We now present the
concept of distributed systems.

Necessary concepts and results of distributed supervisor synthesis



Definition 2.11. [11] A distributed system with respect to given alphabets {¥7]i € I} isa
finite collection of nondeterministic finite-state automata G := {G; = (X;, 27, &, %i0, Xim) €
@(X7)]i € I}. Bach G; (i € I) is called the i'" component of G, and X7 = %; . UXT,,. =
Yo UXT . where disjoint subsets X; . and X7 . are the controllable and uncontrollable
alphabets respectively, and disjoint subsets X; , and X7, are the observable and un-
observable alphabets respectively. For all i,j € I with i # j, we have X7, . NX;. =

3T e N2j.0 = 3. The compositional behavior of G is specified by x,;crG;. O

1,40

The product of local components is the system of interest. Interaction among local compo-
nents is modeled by event sharing among local components. We now present a statement
of a control problem.

Distributed Supervisory Control Problem: [11] Given a distributed system G =
{G; € ¢(%;)]i € I} and a set of specifications H = {H; € ¢(A;)|A; C UierZ; A j € J},
where J is a finite index set and each Hj; is a deterministic automaton, synthesize a
collection of deterministic finite-state automata

S = {Sk € ¢(Pk)|1—‘k CUerd; Nk e K}

where K is a finite index set, such that the following conditions hold,

L. N((Xie1Gi) x (XkexSk)) € N((%ie1Gi) % (xjesHj))
2. B((xie1Gi) X (Xrex Sk)) = @
3. Xrer Sk is state-controllable w.r.t. X;crG; and U;er; ye

4. Xper Sk is state-normal w.r.t. X,e;G; and P, 1 (Uier2:)* — (UierZiu0)* O

If such a collection S exists, then it is called a nonblocking distributed supervisor of G
under H, where each Sy, is a local supervisor of G under H. There are many ways to com-
pute a nonblocking distributed supervisor. For example, in [11] an aggregative synthesis
approach is proposed. In this paper we will present a synthesis approach that computes
in parallel a set of local supervisors to take care of local specifications, then computes
one or several coordinators to solve potential conflict among local supervisors. We call
such a supervisor a coordinated distributed supervisor.

Before we discuss how to synthesize nonblocking coordinated distributed supervisors, we
would like to present one more result in [11]. Our general strategy for distributed synthesis
is to use automaton abstraction to simplify models. But the aforementioned automaton
abstraction can only be applied to standardized automata. Therefore, we need to devise
a procedure that allows abstraction-based distributed synthesis to be applicable to non-
standardized automata. To this end we first introduce the concepts of standardization
and de-standardization.

Definition 2.12. [11] Given G = (X, X, &, x9, Xp), we say G = (X', 37, ¢, x(, X)) is
the standardized version of G if

1. X' = X U{zy}, where z(, ¢ X



3. Forall z € X’ and 0 € X7,

&(z,0) freXandoeX
&(z,0) =< {zo} ifz=zjando=r1
1%} otherwise

The only difference between G™ and G is that, the former contains a new state z{, and
a new 7 transition from z{, to 9. From now on we use u(G) to denote the standardized
version of G. Next, we introduce the concept of destandardization, which is used to con-
vert a standardized automaton into a nonstandardized one.

Definition 2.13. [11] Let S™ = (Y, X7, 7n,y0, Yin) be a deterministic standardized au-
tomaton. We say an automaton S = (Y, 2,7/, y(,Y,,) is the destandardized version of
ST if

1LY =Y — {0}
2.Y, =Y
3. yo € n(yo, )

4o Y x 2 =2 1 (y,0) =1 (y,0) = n(y, 0) B

Since ST is deterministic, 7(yo,T) contains only one element. Thus, the initial state yj,
of S is unique, which means S is well defined. The only difference between S™ and its
destandardized version S is that, the latter contains no 7 transition. From now on we
use v(S7) to denote the destandardized version of S™. We have the following result.

Theorem 2.14. [11] Given a distributed system G = {G; € ¢(%;)|i € I} and a col-
lection of deterministic specifications H = {H; € ¢(A;)|A; C UierX; A j € J}, let
G™ = {u(Gy)|i € I} be the standardized distributed system and H” := {u(H,)|j €
J} for the standardized deterministic specifications. If there exists a nonblocking dis-
tributed supervisor 8™ := {S] € ¢(T'L)ITL C Uier X A k € K} of G7 under H", then
S :={v(S])|k € K} is a nonblocking distributed supervisor of G under H. O

Theorem 2.14 allows us to synthesize a nonblocking distributed supervisor of a non-
standardized distributed system under deterministic specifications. At this point we can
see that, introducing the notion of 7 and the concept of standardized automata, which
are crucially important for automaton abstraction, does not impose any restriction on
supervisor synthesis. For this reason, in the next section when we introduce synthesis of
coordinated distributed supervisors, we directly start with standardized automata.

Necessary concepts and results of distributed supervisor synthesis
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Synthesis of a coordinated distributed supervisor

In this section we first describe how to synthesize a coordinated distributed supervisor.
Then we discuss under what conditions a coordinated distributed supervisor gains the
maximum permissiveness.

Coordinated distributed control

Given a distributed system G = {G; € ¢(Z7)|i € I = {1,2,---,n} A n € N}, suppose
each local component G; (i € I) has its deterministic local specification H; € ¢(AT),
where A; C ¥;. Furthermore, there is one deterministic specification H € ¢(AT7), where
A C UjerY;. We would like to synthesize a nonblocking coordinated distributed supervi-
sor § of G under H := {H, H;|i € I}. To solve this problem we need the following results.

Proposition 3.1. Let G1,G2 € ¢(X) be two nondeterministic plant models and H e
@(A) a deterministic requirement with A C . Suppose G; C Ga. Then a nonblocking

state-observable (or state-normal) supervisor S € ¢(X) of G2 under H is also a nonblock-
ing state-observable (or state-normal) supervisor of G; under H. (]

Proof: Let G; = (X;,%,&, %0, Xim) (1=1,2) and S = (Y, X, 7,0, Yim)-

(1) First, we have
N(Gy x S) G1)|IN(S)

2)|IN(S) because G1 C G2

2 X S)

(

(

( A A
C (G2 x H) because S is a nonblocking supervisor of G2 under H

(

(

(

2 2=
D 9

=

= N(G2)|IN(H)

= N(G1)||N(H)

= N Gl X I’j[)
Therefore, we have N (G x ) C N(G; x H).
(2) Since G1 C Ga, by Prop. 2.4 we have G; x S C G2 x S, which means B(G; x S) C
B(G2 x S). Since S is a nonblocking supervisor of G2 under H, we have B(G2 x S) = @.
Thus B(G; x S) = @.
(3) We now show S is state-controllable with respect to G; and X,.. By Def. 2.7 we
need to show that

(Vs € L(G1 x ) (Va1 € &1(21,0,9))(Vy € n(yo, P(s))) Eg, (21) N Zue € Es(y)
To this end, let s € L(G1 x S). Since we have shown that B(G; x S) = &, we have
L(Gl XS):N(Gl XS):N(GQ XS)ZL(GQ XS)
Clearly, Eg, (71) € Usyees(as0,s)Fa, (22) because G C Go implies that L(G1) C L(G2).
Since S is deterministic and state-controllable with respect to G5 and ¥, we have
Uszfz(Iz,o,s)Ecz (1‘2) NYue € ES(y)

which means Eg,(z1) N Xy € Eg(y). Thus, S is state-controllable with respect to Gy
and Y.

(4) Suppose S is state-observable with respect to G and P,. We need to show that S is
state-observable with respect to G; and P,. By Def. 2.8 we need to show that, for any
5,8 € L(Gy x S) with P,(s) = P,(s'), we have

(V(z1,9) € &oxn((21,0,%0), $))(V(1,') € Exn((21,0, %), 8")) By xs(x1,y)NEe, (2') € Es(y')



To this end, let s,s" € L(G1 x S) with P,(s) = P,(s’). Since L(G1 x S) = L(G3 x 5), we
have s,s’ € L(GQ X S), and EGlxs(xl,y) - U(wg,y)eﬁgXn((ﬂcz,o,yo),s)EG2XS(IQay)- Since
L(G1) € L(G2), we have Eg, (2]) C Uz ey (a0,5') G2 (75). Since S is deterministic and
state-observable with respect to G2 and P,, we have

(Ulea,y)etaxn((@ao.m0)s) EGaxs(2,9)) N (Uss cey (wa.0,5) Eaa (23)) € Es(y')

Thus, Eg, xs(z1,y) N Eg, (') C Es(y’), which means S is state-observable with respect
to G1 and Po.

(5) Finally, suppose S is state-normal with respect to G2 and P,. We need to show that
S is state-normal with respect to G; and P,. By Def. 2.9 we need to show that, for any

s€ L(Gy x S) and 8 € Py *(P,(s)) N L(G1 x S), we have
(V(21,9) € &xn(21,0,90),8"))(Vs" € X7) Po(s's") = Po(s) = [&1(21,5") # @ = n(y,s") # 2]

To this end, let s € L(Gy x S) and s’ € Py '(Py(s)) N L(Gy x S). Since L(Gy x S) =
L(G3 x S), we have s € L(G2 x S) and s’ € Py '(P,(s)) N L(Gy x S). For any s” € ¥*,
it P,(s's") = P,(s) and & (z1,s”) # &, we get that s's” € L(G1) C L(Gz). Thus, there
exists (z2,Yy) € & X N((x2,0,Y0), s") such that P,(s's"”) = Py(s) and &(z2,s”) # @. Since
S is deterministic and state-normal with respect to G and P,, we have 7(y,s”) # @.
Thus, S is state-normal with respect to G; and P,.

From (1)-(5) we get that, S is a nonblocking state-observable (or state-normal) super-
visor of G under H implies that S is a nonblocking state-observable (or state-normal)
supervisor of G; under H. ]

Prop. 3.1 indicates that, if a plant (G; is nonblocking preserving with respect to Gs, then
a nonblocking supervisor for G is also a nonblocking supervisor for (G;. In many cases
it may be easier to obtain G2 than G;. For example, it is easier to use SAP to com-
pute an abstraction, than simply compute the product first then perform the abstraction
operation on the product. The latter abstracted model (denoted as G;) is nonblocking
preserving with respect to the former abstracted plant model (denoted by Gs).

Proposition 3.2. Suppose we have a collection of alphabets {¥7|i € I} for some finite
index set I, and a collection of components {G; € ¢(X7)|i € I'}. Let &' C U;er X7 such
that Umel:i#E[ M E; - Y. Then (XieIGi) ~s XiEI(Gi/ Q’ZZNE’)' O

Proof: We use induction on the size of I. When |I| = 2, by Prop. 2.5 the result holds.
Suppose it holds for [I| = n. We show that it also holds for |I| = n + 1 as follows:

(XierGi)/ s (Xier—(jyGi x Gj)/ ~s

C ((Xier—1jyGi)/ R(Uier_yspns) X (Gj/ =s7asy)
since ¥ N (Ujer—;32:) € X' and by Prop. 2.5
C  Xier-(j}(Gi/ mernw) X (Gj/ ~ernyr)
because |I — {j}| = n and by the induction hypothesis and Prop. 2.4
= Xier(Gi/ =srns)
Thus, the proposition is true. |

Prop. 3.2 is an extension of Prop. 2.5 over the product of more than two standardized
finite-state automata. We will use this result in the following theorem, which is the first
main result of this paper.

11 Synthesis of a coordinated distributed supervisor
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Theorem 3.3. Given a distributed system G = {G; € ¢(X7)|i € I} and a collection
of requirements H = {H; € ¢(AT)|AT C X7 Ai € [} U{H € ¢(AT)|AT C UierXT},
suppose for each G; we have a nonblocking state-observable (or state-normal) supervisor
S; € ¢(X7) under H;. Let X' C U;erX7 such that U; j,2; X7 N ur C ¥ and AT C ¥,
For each ¢ € I suppose we have W; € ¢(E7 N ¥’) such that (G; x S;)/ ~yras E Wi
Let S = (Y, X,n,90,Ym) € #(X') be a nonblocking state-observable (or state-normal)
supervisor of X;e;W; under H. Then S X;c; S; is a nonblocking state-observable (or
state-normal) supervisor of x;c;G; under H x;c5 H;. O

Proof: Let G; = (X;, X7, &, %i0, Xim) and S; = (Y5, X7, 1:, Y0, Yi,m) for each i € I, and
S = (Y, ¥, 0,90, Ymm). By Corollary 3.2 we get that (x;c1(Gi x S;))/ = E Xier((G; X
Si)/ ~sras). Since (Gi x S;)/ ~sras £ Wi, by Prop. 2.4 we get that

(Xier(Gi x 8i))/ = E Xier((Gi x 8i)/ merns) E XietWs

Since S is a nonblocking state-observable (or state-normal) supervisor of x;c;W; under H,
by Prop. 3.1 we get that, S is a nonblocking state-observable (or state-normal) supervisor
of (X;er(Gi x S;))/ ~sy under H. By Theorem 3 in [10] we get that, S is a nonblocking
state-observable (or state-normal) supervisor of X;c7(G; x S;) under H, which means

N(Xie]Gi x S Xjel Sj) = N(Xiel(Gi X Sz) X S) - N(Xie](Gi X Sl) X H)

Since \S; is a nonblocking supervisor of G; under H;, we have N(G; x S;) C N(G; x H;).
Thus,

N(XiejGi x S Xjej Sj) g N(xiGI(Gi X Hl) X H) = N(XiejGi x H Xjej Hj)

Furthermore, we have B(xielGi x S Xjerl Sj) = B(xiGI(Gi X Sl) X S) = .
Next, we show that S x;c;.5; is state-controllable with respect to X;c;G; and U;er X7

For notational brevity, let S=9 Xiel Si, G = Xic1Gi, é = X4er€i, 1 = n Xier 1; and
Yue = UierZiue- By Def. 2.7 we need to show that
(Vs € L(G x 9))(Vi € E(&0,9)) (V] € A(fo, 9)) B (2) N S € E(9)

uc —

To this end, let s € L(G’ X S’), &= (x1,22, -+ ,x,) and § = (y,91,Y2, - ,Yn). For each
i€1,let P (Ujer¥})" — (X7)* be the natural projection. For each o € Ex(2) N X7,
if o € X7, then by the assumption (A1) we have ¢ € X7 .. Furthermore, we get that
o € Eg,(z;) N X] .. Since S; is deterministic and state-controllable with respect to G
and Y7 ., we get that 7;(y;,0) # &. Thus, 0 € Ey,_,(G,xs)(T1,Y1,* ,Tn,Yn). Since
S is state-controllable with respect to X;cr(G; x S;) and X7, if o0 € ¥/, we get that
n(y,o) # @. Thus, 7(y,0) # @, which means o € Eg(). Therefore, Ex(2) N X7, C
Ngit,) assume that S; is state-observable with respect to G; and P;, : (¥7)* — X}, and

S is state-observable with respect to X,c1(G; x S;) and P, : (UjerX7)* — (UierXio)*.

We need to show that $ is state—obsAervalA)le with respect to G and P,. By Def. 2.8 we
need to show that, for any s,s’ € L(G x S) with P,(s) = P,(s’), we have

((2,9) € £ X i(F0, 90), ) (V(&', 5) € £ X (F0, G0), 5')) By (8, 9) 0 B (&) € Es(i)
To this end, let s, s € L(G x §) with P,(s) = Py(s'), & = (1, ,an), & = (2}, ,2l,),

rn

U=y, ,yn)and § = (¥, y1,--- ,y,,). Foreacho € By, o(2,9)NEx(2'),if o € X7,
then we get that o € Eq, xs,(z:;) N Eg, (). Since S; is deterministic and state-observable
with respect to G; and P;,, by the assumption (Al) we can derive that n;(y., o) # @.
Thus, 0 € Ex, ;(Gixs) (1,1, T, Y,,). Since S is state-observable with respect to
xie1(G; x S;) and P,, if 0 € ¥/, we get that n(y’,0) # @. Thus, 7(¢’,0) # &, which
means 0 € E¢(§’). Therefore, Ep o(2,9) N Eq(2') C Eg(').

Finally, assume that S; is state-normal with respect to G; and P; ,, and S is state-normal
with respect to X;c;(G; x S;) and P,. We need to show that S is state-normal with
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respect to G and P,. By Def. 2.9 we need to show that, for any s € L(G X S) and
s’ € P, Y (Py(s)) N L(G x §), we have

(V(&,9) € Ex (&0, 90), 8"))(Vs" € %) Po(s's") = Po(s) = [£(2,5") # & = ii(§, s") # 2]

Pols
To this end, let s € L(G x ) and s’ € P; (P, (s)) ﬂL(G x S). Suppose P,(s's") = P,(s)
and &£(#,5") # @. We need to show that 77( ,8") # @, Let & = (w1, ,ap), § =
(Y91, s yn), and Py 2 (UjerX7)* — (X7)*, P’ i (UjerX])* — X be the natural projec-

tion. Then we have P;(s) € L(G; x S;), P;(s ) € P, (P, (Pi(s))) N L(G; x S;). Further-
more, by the assumption (A1) we have P; ,(P;(s's")) = H)O(H(S)) and & (x;, P;(s")) # @.
Since S; is deterministic and state-normal with respect to G; and F;,, we get that
i (yi, Pi(s")) # @. Thus, X;er&xni((x1,91, -, Tn,yn),s”) # . Since S is state-normal
with respect to x;c7(G; % S;) and P,, we get that n(y, P'(s")) # @. Thus, 7(g,s"”) # <.l

By Theorem 3.3 we can perform the following distributed synthesis, as illustrated in
Figure 1. We first synthesize a local supervisor .S; for each component G; so that the

G=W,x..xW,,H

(GIXSI)/z(Elu{T))m):’ W, (anSn)/z(Enu(r})r\E' E W,
abstraction
Sl Gl aHl Sn GnaHn

Figure 1: Synthesis of Coordinated Distributed Supervisor

local specification H; can be enforced. Then we compute an abstraction so that we can
synthesize a local supervisor to take care of H. In practical applications sometimes a spec-
ification, say H;, may cover several local components, say {Gy € ¢(X])[l =1,---,r}, in
the sense that, A; C Uj_;¥;;. In this case, we can compute G; := x]_; Gy and treat it as
a local component so that H; is defined for G;. Thus, the setting in Theorem 3.3 is general
enough. The reason that we bring in W; in Theorem 3.3 is because, when G; consists of
many small components, e.g. {Giy € ¢(X])|l = 1,---,r}, computing (G; x S;)/ ~srasy
may be feasible only through a sequential procedure, e.g. using the SAP. In that case, the
outcome of that procedure may not be exactly equal to (G; x S;)/ ~srnsy. The theorem
says that, as long as (G; x S;)/ ~srnyy 1s nonblocking preserving with respect to Wi,
which is computed by an appropriate procedure, e.g. the SAP, then synthesizing a local
supervisor based on {W;|i € I'} will result in a nonblocking supervisor for the original local
components. In Theorem 3.3 we call each S; a local supervisor of G and S a coordinator
of G, which is mainly used to coordinate local supervisors {S;|i € I} to avoid conflict.
The existence of S gives rise to the term coordinated distributed supervisor. Of course, S
itself is a supervisor, which enforces the specification H. The structure in Figure 1 can
be treated as one module of a large system. Thus, a multiple-level multiple-coordinator

Synthesis of a coordinated distributed supervisor



14

distributed supervisor can be computed in the same spirit. For example, after obtaining
{S;|i € I} U{S}, we can compute an appropriate abstraction of x,cr(G; x S;) x S (by
using the proposed SAP) so that high level local supervisors and/or coordinators can be
synthesized.

In Theorem 3.3 we only require that U; j.ix; %7 N X7 C ¥, namely ¥ should contain
every event that is shared by at least two components. Usually there is more than one
choice of ¥, and each choice leads to a coordinator. It is interesting to know whether
we can find a nonempty coordinator, whose state set is the smallest one among those of
all possible nonempty coordinators. This can be formulated into the following problem.
Given an automaton G € ¢(X), we use |G| to denote the size of the state set of G.

Minimum Supervisor Synthesis Problem (MSS): Let G = {G; € ¢(X7)|i € I} be
a distributed system and H € ¢(A7) be a requirement with A™ C U;er X7, define a set

S(Q,H) = {S|(HE’ - UieIEZT) Ui, jiistj EZ n E; CY NATC Y ANSe ¢(EI) A
S is a nonblocking supervisor of G under H A |S| > 0}

Find S € §(G, H) such that, for all S” € §(G, H), we have |S| < |S’|. Such a S is called
a minimum supervisor of G under H. O

In [20] the authors present the minimum supervisor reduction problem (MSR),
which says that given a deterministic plant G = (X, %, £, g, X,,,) and a supervisor S =
(Y, X, 1,90, Ym) of G, find a supervisor S" = (Y, 2,7/, 4(,Y,,) of G with the minimum
number of states, which is control equivalent to S with respect to G, i.e. N(G)NN(S) =
N(G)NN(S") and L(G) N L(S) = L(G) N L(S"). Tt has been proved in [20] that solving
the MSR is NP-hard. We will show that solving the MSS is as hard as solving the MSR.
To this end, we present a procedure that reduces the MSR to the MSS.

1. Inputs:

e a deterministic plant G = (X, %, €, o, X))
e a nonempty supervisor S = (Y, X, 7, yo0,Y:,) of G

2. Let G xS =(Z,%,& xn,20 := (0,Y0), Zm ), where
o 7 :={(x,y) € X xY|(3s € Z*) (z,y) € & X n(20,5)}
o Zp =20 (X X Y)

3. Enumerate elements of Z x ¥ as {(z1,01), (21,02),--- , (22|, 0/5|)}, where |Z| and
|2| denote the sizes of Z and ¥ respectively.

4. Construct a new automaton
GI = (ZUXUZX EU{d},EI = EU{/}/(zho'l% e 77(2‘2‘,0"2‘)}75/7207 ZmUXmU{d})

where {’Y(zl,(n)a ot 7’7(2‘2‘,0‘2‘)} Ny = g, E;c = Euc U {"Y(zl,al)v t 7’7(2‘2‘,0‘2‘)}
and X}, = X, namely events {7(., o,), - 77(Z\Z\-,d\z\)} are uncontrollable in G’ and
only events of G are observable in G’. For all w € ZU X UZ x ¥ U {d} and all
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a E EU {7(21,0’1)7 e 7’-)/(2‘2‘70"2‘)}7 deﬁne
Exn(w,o) fweZ ANoeX AExnlwo)#2

/ &(z,0) %fw:(ac,y)EZ/\aeE/\n(y,a)z@\/w::veX
(w,0) =< {(zi,05)}  fw=2No=9¢.0)

{d} if w=(zi,05) N o =0,

%] otherwise

5. Solve the MSS with G = {G’} and H being a recognizer of N(G'xS). Suppose the so-
lutionis 8" = (Y',T', 7, yg, Y,,,) whose alphabet is I' C XU{ (21, 01), (21,02),- -, (7]

6. Construct a new automaton S* by simply remove all transitions from S’, whose
labels are in the set of {(z1,01), (21,02),--- ,(2z],0yx|)} and selflooping events of
3 — ¥ at each state of 5.

7. Output: S* (I

The key part of this procedure is how to construct G’ and H such that, the result-
ing controllable sublanguage of N(G’) under H is unique. If this is true, then no
matter what supervisor S’ we have, since the language N(G’' x §') = N(G’ x S) and
L(G' x 8") = L(G' x S), S is control equivalent to S, which means, if we apply a
solver of MSS on this problem, the outcome is simply a solution to the MSR with G’
and S. Notice that in the above procedure, N(G x S) is the controllable sublanguage
of N(G) under some unspecified requirement. By adding those uncontrollable events
{(z1,01), (21,02),- - , (22, 0x|)} we can see that, there is no smaller controllable sub-
language of N(G') under H than N(G’ x S), because any removal of a string from
N(G' x S) will result in a blocking state reachable by an uncontrollable event from the
set {(z1,01), (21,02), -+, (2/z],0/5|)} when we try to achieve the state-normality prop-
erty. So applying a solver for MSS on this is equal to solving a MSS on G’ and S. The
only trick left is to convert a reduced supervisor for G’ and S back to a reduced supervisor
for G and S. But this can be achieved by simply removing all transitions labeled with
events of {(z1,01),(21,02), -+, (212, 0|5|)}, and selflooping all events of ¥ — X'. Mode
details are provided in the proof of the following result.

Proposition 3.4. The procedure always has a nonempty output S*, which is a solution
to the MSR. O

Proof: By the definition of G’, we can check that, S is a nonblocking supervisor of G’
under H. Furthermore, we have that, for any nonblocking state-normal supervisor S’ of
G’ under H, we have N(G' x §') = N(G' x S) and L(G' x 8") = L(G' x S). This can
be shown as follows. Suppose it is not true. Then there exists a supervisor S such that
N(G" x 8") C N(G' x S), which means there exists s € N(G' x S) but s ¢ N(G' x S").
Clearly, there exists s'c < s such that s’ € N(G' x S’) but s'c ¢ N(G' x S”). Let
w € &' (20,8"). Clearly, w ¢ Z x ¥ because, otherwise, w will be a blocking state. Thus,
w € Z. But since y(y,0) € X,.NY,,,, the event o at state w cannot be disabled - otherwise,
G’ x S” is not state-controllable with respect to G’ and ¥/, ., and not state-normal with
respect to G’ and P, : ¥'* — ¥/* . This contradicts the assumption that s'c ¢ N (G’ x S")
but ' € N(G' x S§”). Thus, S” is control equivalent to S with respect to G’. Notice that,
N(G") = N1(G") U N3(G"), where N1(G’) contains all strings of N(G’), which contains
only events of 3, and No(G') contains the remaining strings of N(G’). We can check
that N(G' x §) = N1(G)||N(S) U N2(G")|IN(S) = N(G x S) U No(G")||N(S). Simi-
larly, N(S’) = N1(S")U Na(S’). Thus, N(G' x S") = N1(G")||N1(S") U (N2(G")||N1(S")U
N1(G")||N2(S") U N2o(G')||N2(S")). Clearly, N1(G")||N1(S") = N(G x S). We now show

Synthesis of a coordinated distributed supervisor
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that N1(G")||N1(S") = N1(G")||N(S*) = N(G x S*), which is clear based on the defini-
tion of S*. Similarly, we have L(G x S) = L(G x 8*). Thus, S* is control equivalent to S
with respect to GG. Since removing and selflooping transitions will not create new states,
we have |S*| < |S’|. To show that S* is the minimum supervisor for the problem of the
MSR, suppose it is not true. Then there exists another supervisor Se ¢(X) such that S
is control equivalent to S and |S| < |S*|. We can easily check that S is a nonblocking
supervisor of G under H, namely S € S(G, H). But this means |S| > [S’| > |S*| - con-
tradiction. Thus, S* is a solution to the MSR. |

Corollary 3.5. Solving the MSS is NP-hard. O

Proof: We can check that, every step in the above procedure is polynomial-time. Thus,
the MSR can be polynomial-time reduced to the MSS. By Prop. 3.4 we know that the
above procedure can solve the MSR. If solving the MSS is not NP-hard, then so is solving
the MSR, which unfortunately has been shown in [20] to be NP-hard. Thus, solving the
MSS must be NP-hard. |

Corollary 3.5 simply confirms our intuition - it is computationally intensive to find a
coordinator with the minimum number of states in a general setting. It is an interesting
question whether there exists a heuristic rule that can lead to a small coordinator with
only polynomial-time computational effort.

Maximum permissiveness of coordinated distributed control

In general, given a distributed system G and a set of requirements H, a coordinated
distributed supervisor will not achieve the same permissiveness as that of a monolithic
supervisor, which is obtained by first computing the product of all components and the
product of all requirements, then performing centralized supervisor synthesis. The reason
is that, some local supervisor may be “over conservative” in the sense that, it tries to
prevent some “bad” string which exists only in some local component(s) but does not
exist in the compositional behavior of G. Such a bad string is called a phantom string,
which, if seen locally, exists, but, if seen globally, does not exist. For example, suppose
we have two components Gy € ¢(X1) and Gy € ¢(32), where X1 = 31 4 = X1, = {a},
22 = 22 ue — 220 = {a b} L(Gl) = L (Gl) = {6 a} and L(Gg) = L (Gg) = {6 b}
Suppose the requirement is {H1 € ¢(A1), Hy € ¢(A2)} with Ay = {a}, Ay = {b},
L(H,) = N(H,) = {€¢} and L(Hy) = L,,(Hs) = L(Gs). Since a is uncontrollable, we
can easily see that, there is no local supervisor to control GGy such that H; can be en-
forced. Thus, if we apply the aforementioned synthesis approach, there is no coordinated
distributed supervisor. But if we compute the composition of G; and G2, we can see
that, string a will never appear. Thus, a monolithic supervisor exists, which recognizes
N(G3). Here, the reason that there is no coordinated distributed supervisor is because of
the existence of a phantom string a in G;. To achieve the same permissiveness between a
distributed supervisor and a monolithic supervisor, part of a sufficient condition is that,
there exist no phantom strings in any local component, which is captured by, e.g. the
concept of mutual controllability in the literature [14]. Since we use abstraction to derive
a local supervisor based on an abstract model, to guarantee that such a local supervisor
has the same permissiveness as the one based on the original model, we need to make sure
that abstraction will not reduce our means for control, namely if in the original model
we can remove an undesirable string by disabling a certain event, then in the abstract
model we can also disable the same event to remove (the projected image of) that string.
One simple condition is that, all controllable and observable events are included in the



17

abstraction alphabet. Then it is guaranteed that, the supremal nonblocking supervisor
of the abstract model is also the supremal nonblocking supervisor of the original model
under the same requirement. An improvement on such an intuitive condition can be
found in the concept of output control consistency [6] or the concept of local control con-
sistency [16]. Those aforementioned concepts (i.e. mutual controllability, output control
consistency or local control consistency) are applicable to systems modeled by languages
(or equivalently, deterministic automata). In this section we will extend them to the
framework of nondeterministic finite-state automata.

Definition 3.6. [10] An automaton G = (X, 3, &, xg, X, ) is marking aware with respect
to X C X%, if

Ve e X —X,,)(Vs € 2 €&(x,s) N X, # D = P(s) £ ¢

where P : ¥* — ¥'* is the natural projection. d

The concept of marking awareness is used to guarantee that the proposed automaton
abstraction will not create extra blocking behaviors. Thus, the maximum permissiveness
of a coordinated distributed supervisor can be achieved by using the proposed automaton
abstraction. This concept is not needed if we directly use the standard quotient construc-
tion based on the weak bisimilarity, as done in, e.g. [8].

Definition 3.7. Let G = (X, X, {,z0, X;n) and ¥’ C X. We say G is control consistent
with respect to ¥/ if for all z € X and all s € (X — X')*(Zuc N E"))*,

§(z,8) #@ = (35 € (Bue = X)"(Bue NE))") P(s) = P(s') A {(x,5") # 2
where P : ¥* — (3,. N Y')* is the natural projection. O

The concept of control consistency is a direct extension of the concept of local control
consistency presented in [16] to fit in the nondeterministic setting. If G is control consis-
tent, then at all state x and all string s, if s contains some uncontrollable event(s) in %/,
then there exists another string s’, which contains only uncontrollable events such that
its projected image over 3,. N Y/ is the same as the project image of s over ¥,. N X'
Informally speaking, in s’ there is no controllable event not belonging to ¥’ that can
block the occurrence of an uncontrollable event in X' by disabling itself. We can check
that, when G is deterministic, the concept of control consistency consumes the concept
of local control consistency.

Definition 3.8. Given a distributed system G = {G; € ¢(X7)|i € I'} and a deterministic
requirement H € ¢(A7) with AT C U;erX7, let ¥/ C U;jer 3T with AT C %) and

P (UierX])* — X", Pyt (UierX] )" — (UierXio)* and Py : 3™ — (8N (UierZio))*

be the natural projections. We say G is indistinguishable with respect to H and ¥’ if the
following holds: for all t € N(X;ec1(G;/ %Ezmz/) x H) and t' € N(x;¢c1(Gi/ zg;_rmg/)) —
N(XiGI(Gi/ %EZQE/) X H) ort' € B(XiEI(Gi/ %EZQE/) X H), if P(;(t) = P(;(t/) then for
all s,8" € L(x;e1G;) with P(s) =t, P(s') =t', we have P,(s) = P,(s'). O

Synthesis of a coordinated distributed supervisor
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The concept of indistinguishableness specifies that, if there are two strings ¢ and ¢’
not distinguishable based on observations in the abstracted model, where ¢t is “good”,
ie. t € N(xier(Gi/ msrasy) x H)), and t' is “bad”, i.e. it does not satisfy the re-
quirement, namely either t' € N(XiEI(Gi/ zEZﬁE/)) — N(XiEI(Gi/ %2:02/) X H) or
t' € B(Xie1(Gi/ msrnxr) x H)), then for all strings s and s’ with P(s) =t and P(s') = t/,
they are not distingflishable based on the observations in the original plant model G. To
guarantee that G is indistinguishable with respect to H and X', one simple condition is
Uierio C ¥, namely every observable event is contained in ¥’. When every event in G
is observable, G may not be necessarily indistinguishable with respect to H and X', owing
to nondeterminism. In the case of full observation, we can impose the following concept,
which is derived from the concept of natural observer [3].

Definition 3.9. Given a nondeterministic automaton G = (X, X7, &, zg, X;n) € &(X7)
and an alphabet ¥’ C X7 with 7 € ¥, we say G/ ~yx is an observer of G with respect
to X if

(Vt € N(G/ =5))(Vs € L(Q))(Vx € &(z0,8)) P(s) <t = (3s' € B%) &(x, 8" )NXp # TAP(s8') =t

where P : ¥* — 3'* is the natural projection. O

We can check that, if for every i € I, ¥; , = ¥; and G;/ Rnrns is an observer of G; with
respect to X7 N3, and U j.i»; (3] NXT) C ¥, then G is indistinguishable with respect to
H and ¥'. This can be easily shown that, for all t € N(x;er(Gi/ ~srnsy) x H) and t' €
N(xie1(Gif msrns)) — N(Xier(Gi/ msrasy) x H) or t' € B(xier(Gi/ ~srasr) x H),
we have P/(t) # P.(t'). We are still investigating whether there exists a condition to

guarantee that G is indistinguishable with respect to H and ¥’ no matter whether full or
partial observation presents. We now present our second major result.

Theorem 3.10. Given a distributed system G = {G; € ¢(X7)|i € I} and a requirement
H e ¢(AT) with A7 C UieIEiT, let ¥ C X7 with Ui,jel;#‘jE{ n E;— C ¥ and AT C ¥,
Let S € ¢(X') be the supremal nonblocking state-normal supervisor of x;¢1(G;/ mgmg/)
under H. If G is indistinguishable with respect to H and X', and for each i € I, G; is
marking aware with respect to 'NX7 and control consistent with respect to ¥’NX7, then
a recognizer of ||;erN(G;)||N(S) is the supremal nonblocking state-normal supervisor of
Xi;c1G; under H. ([l

PI‘OOfI Let Gl = (Xl, E;’,{i,xiyo,Xiﬂm), Gz/ zgzgz/: (Zz; Ez n E/,(Si,ziﬁo, Zi,m), S =
(V.2 n, 90, Ym), " = (Y, Uier27, ', y(/Ja Yviz) and H = (W, A", ¢, wo, Wp,). Let P, :
(UiEIEZ)* — (UieIEi,o)*, P(; D D (EI n (UieIE{O))* and P : (UieIEZ-T)* — X™* be
the natural projection. By Theorem 3 in [10] we know that, S is a nonblocking state-
normal supervisor of G under H. So we only need to show that S is supremal. If the
supremal nonblocking state-normal supervisor of X;c;G; under H is empty, then so is
S. We assume that the supremal nonblocking state-normal supervisor of x;c;G; under
H is not empty, and S is not supremal. Then there exists a nonblocking state-normal
supervisor S’ € ¢(U;er%;) of X;erG; under H such that

(IlierN(G)IIN(S) = ([lier N(G)IIN(S)) # @
Let s € (|lierN(G)|IN(S")) — (|lictN(G;)||N(S)) # @. Since all automata are stan-
dardized, we know that, there exists s’ € (U;erX7)* and o € U;erX; such that s'o < s,
s € lierN(G)|IN(S) but s'o ¢ |lictN(G;)||N(S). Since s'o € |l;erN(G;), we get
that, o € A7 C ¥’/. Since S is a supervisor, we know that o € U;er¥; .. Since




s € |lierN(G)||N(H), we get that, P(s) € |lierN(Gi/ =s7as)||N(H). Thus, P(s'0) =
P(s")o € |[iec1N(Gi/ =sras)||N(H), which means there exist ¢ € ((UierX7,.) N X%,
t e ¥ and 2 = (< 27 >,---,< 2, >) € [[;c; Zi such that 2’ € §; x --- x
on((21,05 7+ 2n0), '), P(s')ot € L(Gi/ =srasr), Py(t') = P,(P(s")ot) and one of the
following cases hold. Without the loss of generality, let T = {1,2,---,n}.

Case 1: there exists w € W such that (2/,w) € 1 X -+ x 0p, X Y((21,0,-** » Zn,0, Wo), ")
and for all ¢ € X'*,

81 X oo X 0y X Y((Z,w), )N (Z1m X - X Zp, X W) = @

In other words, t' € B((G;/ ~s7ns/) x H). Since all G;’s are marking aware with respect
to X7 NY', we get that, there exist 2] €< 2} > (i € I) and s” € (UjerX])* with

P(s"”) =t such that (zf,--- 2l ,w) €& x - x &, x Y((21,0, s Tn,0,Wo),s”) and for
all s € (UieIE{)*,
& X X &y X (2, w), VN (X X o X Xy X W) = @

Since each G; is control consistent with respect to X7 MY/, we get that, there exists s €
(((Uielzzuc) — X)X N (UierBiue)))* such that P(s"") =t and s'os””’ € L(xe1G,).
There are two possibilities, either P(s')ot € N(xier(Gi/ ~srns) x H), or P(s')ot ¢
N(xer(G;/ zg;’mg/) x H). If the latter case is true, then since all G;’s are marking
aware with respect to X7 N X', we can derive that, s'os””’ ¢ N(x;erG; x H), which
means S’ is not state-controllable. If the former is true, since G is indistinguishable with
respect to H and ', we have P,(s") = P,(s'cs""). Since S’ is a nonblocking state-normal

supervisor of X;c;G; under H, we get that, s'c ¢ ||;crN(G;)||N(S"). But this contradicts
the assumption that s'o € ||;er N(G;)||N(S").

Case 2: tl S ||161N(G1/ ’&‘Ezmz/) — ||161N(G1/ ’&‘EZQE/)HN(H) Since Ui,jel:i;ﬁjzz ﬂz; g
Y/, and by a result in [10] we have

P(llierN(Gi)) = llier P(N(Gi)) = l[ier N(Gi/ =srasr)

and
P(llierN(G)|IN(H)) = |[ier P(N(Gi))|IN(H) = |lier N(Gi/ ~s7ns)||N(H)

we havet’ € P(||;crN(G;))—P(|licrN(G;)||N(H)). Thus, there must exist s” € ||;e1N(G;)—
llicrN(G;)||N(H) such that P(s”) = t'. By using a similar argument as for Case 1, we
get that s'o ¢ ||;cr N(G;)||N(S’) - contradiction.

Thus, we have that (||;crN(G;)||N(S")) — (||ict N(G;)||N(S)) = &, meaning a recognizer
of the language ||;cr N (G;)||N(S) is the supremal nonblocking state-normal supervisor of
X;c1G; under H. O

Theorem 3.10 is about the maximum permissiveness of a supervisor computed based on
an abstracted model. In Theorem 3.10 the sufficient condition consists of three parts:
(1) G is indistinguishable with respect to H and ¥'; (2) each component G; is marking
aware with respect to X7 N'Y’; (3) each component G; is control consistent with respect
to BT NY'. Among those parts, (1) is used to deal with partial observation (or the state-
normality property). Without this part, we can find a counter example, in which the
supremal nonblocking state-normal supervisor of an abstract plant is not the supremal
nonblocking state-normal supervisor of the original plant. (2) is to guarantee that the
projections of marked behaviors in the original plant (i.e. X;e;G;) are also marked be-
haviors in the abstracted model (i.e. X;cr(G;/ =srny/)). This condition is used only for
the special automaton abstraction proposed in this paper. If we use a standard quotient
approach to construct an abstraction, e.g. automaton abstractions defined in [8] [19],
then (2) can be dropped from Theorem 3.10. (3) is an extension of the local control
consistency proposed in [16] in order to deal with nondeterminism. Compared with the

19 Synthesis of a coordinated distributed supervisor
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results in [6] and [16], Theorem 3.10 drops the requirement of L-observer because the
automaton abstraction will ensure some necessary properties. Furthermore, it deals with

partial observation and nondeterminism. Thus, it is a significant extension of the results
in [6] and [16].

It is interesting to know under what conditions a nonblocking distributed supervisor
achieves the maximum permissiveness. To this end we first extend the concept of mutual
controllability so that it is applicable to nondeterministic models.

Definition 3.11. Given a distributed system G = {G; = (X;,37,&, 20, Xim) €
d(E7)|i € I}, for each 4,5 € I let Py : (X7)* — (X7 N X7)* be the natural projec-
tion. We say G is mutually controllable if for each i,j € I with i # j, for all s; € (X7)*
and S; € (EZ)* with RJ(Sl) = Pji(sj); and for all z; € gi(Iiﬁo,Si), Tj € 53‘(517;',0,8;') and
0 € Ziue N Y ue, &i(zi,0) # @ if and only if &;(x;,0) # @. O

A distributed system G is mutually controllable if for every two different subsystems G;
and G; running together, GG; allows an uncontrollable event shared by both G; and G; to
be fired if and only if G; also allows the same uncontrollable event to be fired. In other
words, there is no uncontrollable event, whose occurrence can be blocked simply by the
parallel composition of subsystems. Thus, to prevent the occurrence of an uncontrollable
event, an appropriate controllable event disabling must be taken. We now present our
last major result.

Theorem 3.12. Given a distributed system G = {G; = (X;,X7,&, %0, Xim) € ¢(XT)|i €
I} and a collection of requirements H = {H; = (W;, AT, ¢, w0, Wim) € ¢(AT)|A; C
Y Ni eIt U{H € ¢(A7)|A C UierX;}, suppose for each G; we have the supremal
nonblocking state-normal supervisor S; € ¢(X7) under H;. Let ¥’ C U;erX7 such that
Ui jriggi 2 N7 C X and AT C X' Let S = (Y, X, 7,90, Ym) € ¢(¥') be the supremal
nonblocking state-normal supervisor of x;c;((G; x S;)/ %2;’02/) under H. If G is indis-
tinguishable with respect to H and ', and for each i € I, ¥, , O Ujer, j2: (2] N E;), G
is marking aware with respect to X7 N ¥/, G; x S; is control consistent with respect to
YT NY, and G is mutually controllable with respect to {H;|i € I'}, then S X,;c1 .S; is the
supremal nonblocking state-normal supervisor of X;c;G; under H X;c; H;. O

Proof: By Theorem 3.3 we know that, S x;c7.5; is a nonblocking state-normal supervisor
of X,;crG; under H X;c;r H;. So we only need to show that it is supremal. To this end, let
S’ € ¢(U;erX7]) be the supremal nonblocking state-normal supervisor of x;e;G; under
H x5 H;. Tt suffices to show that,

N(S') € |lierN(S:) (1)

because then by Theorem 3.10 we can derive that, S X;c; S; is the supremal nonblocking
state-normal supervisor of X,c;G; under H X;er H;. For each i € I let P; : (U;jerX7)* —
(37)* be the natural projection. We will show that P;(N(S")) € N(S;). Suppose it is
not true. Then there exists s € P;(N(S")) — N(S;). Since s € P;(N(S")) € N(G;), and
s ¢ N(Si), we can derive that, there exist s’ < Pi(s), t € (X],.)", t' € (X])*, and
x;, ¢ € X; such that o} € &(x;0,t), Pio(t') = P, o(s't) and one of the following cases
hold. Without the loss of generality, suppose I = {1,2,--- ,n}.

Case 1: there exists w; € W; such that (z},w;) € & x ¥;((®i0,wip),t) and for all
te (57)",

& X i((),wi), t") N (Xiin X Win) = &
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Since s" < Pi(s), there must exists § < s such that s’ = P;(5). Since t € (X],,.)"
and G is mutually controllable, we get that §t € ||jerL(Gj). Since P;,(t') = P;o(s't)
and X;, O Ujer,j= (2] N E;) and G is mutually controllable, we get that, there ex-

ists 8 € ||j€[7j7§i{Pj(§)}||{t/} such that PO(§/) = Po(ét), where P, : (UjGIE;)* —

U;erX;)* is the natural projection. Clearly, there exist (z1,---,2%,- - ,z,) € & X
J J 7

- &n((T1,057+ ,Tn,0), 8") such that for all v’ € (Ujer:])",
§1><'"><fn><1/)1><"'><1/)n((1131,"' axéa"' sy Ly W1y, Wiyt 7wn)7u/)ﬂ(XmXWm) =

where X, := Xy, X -+ X and Wiy, := Wiy X -+ - X Wy 1. Thus, we can derive that
§ ¢ N(S’) because S’ is a state-normal nonblocking supervisor, which means s ¢ N(S’)
- contradiction.

Case 2: t' € N(G;) — N(G,)||N(H;). By using a similar argument as for Case 1, we
can derive that, §' € ||;erN(G;) — |l;er(N(G;)||N(H;)) with P;(8') = ¢'. Then we can
derive that § ¢ N(S’) because S’ is a state-normal nonblocking supervisor, which means
s ¢ N(S’) - contradiction.

Therefore, we have P;(N(S’)) C N(S;), which means N(S") C ||;erN(5;). O

In addition to the conditions prescribed in Theorem 3.10, to guarantee the maximum
permissiveness of a distributed supervisor, Theorem 3.12 also requires that G is mutually
controllable and furthermore, for each i € I, ¥; o, O Ujer,jzi(X] N X7), which means all
shared events are observable. The latter does not appear in the corresponding results in
[6] and [16] because they do not deal with partial observation (recall that nondetermin-
ism can be captured by partial observation). In the case of full observation the condition
Yio 2 Ujer j#i(X] N X7) is automatically satisfied. Thus, Theorem 3.12 is an extension
of results in [6] and [16], and is valid for distributed supervisory control of a nondeter-
ministic distributed plant where partial observation may be present.

To illustrate the effectiveness of the proposed synthesis approach for computing coordi-
nated distributed supervisors, we apply it to the following cluster tool example.

Example - a cluster tool

A cluster tool is an integrated manufacturing system used for wafer processing. It con-
sists of load locks for wafer entering and leaving the system, chambers, where wafers are
processed, buffers between different clusters in the system, and transportation robots for
moving wafers in the system [21]. We consider the following cluster tool depicted in Fig-
ure 2, which consists of one entering load lock (L;,,) and one exit load lock (Lyyt), nine
chambers (0117 012, 021, 022, C’317 032, C41, 042, 043), three one-slot buffers (Bl, Bg,
Bs), and four transportation robots (R;, Re, Rz and R4). Wafers are transported into
the system from the entering load lock by the robot R;, then moved through designated
chambers for processing based on pre-specified routing sequences by relevant robots lo-
cated in different clusters. Finally, processed wafers are transported out of the system
through exit load lock by R;. As an illustration, we choose the following routing sequence:
Ly = Ci1 = B —» Cy1 — By — (C31 = B3 — C41 — Cyp — Cy3 — By — O30 —
By — Coy — By — Ch13 — Lgyt. Without supervision the system may be blocked owing
to wafers competing for buffer slots. Our goal is to synthesize a coordinated distributed
supervisor that can guarantee continuous wafer processing, namely blocking should never
happen. To this end, we first model the system as follows.

Example - a cluster tool
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Figure 2: Example 1: Structure of cluster tool

For simplicity we assume that the entering load lock L;, behaves like an infinite wafer
source and the exit load lock L, like an infinite wafer sink. Figure 3 depicts the models
of load locks. We assume that in each chamber a wafer is first dropped in by a relevant

4-(@ R, -pick-L,, «»@ R|-drop-L,

Entering Load Lock L, Exit Load Lock L,

Figure 3: Example 1: Load locks

robot, then processed and finally picked up by the relevant robot. Since each chamber
has the same automaton model, except for different alphabets, we only provide the model
for one chamber, which is depicted in Figure 4, where, when i = 1,2,3, we have j = 1,2,

R-pick-C, i

> )

R-drop-C;; Process;;

. R-drop-C;;
R-pick-C;; R-pick-C;;

g

Figure 4: Example 1: Model of chamber Cj;

and when ¢ = 4, we have j = 1,2,3. Notice that each chamber behaves like a one-slot
buffer, except that it contains an internal transition Process;;. If robot R; tries to pick
when the chamber is empty, or drop when the chamber is full, the component will become
deadlock. By modeling in such a way we will force a nonblocking supervisor to prevent
inappropriate pick or drop actions to happen. The models of robots are depicted in Figure
5. Finally we model each buffer B; (i = 1,2,3) as a component, whose model is provided
in Figure 6. It says that, buffer overflow or underflow will result in deadlock. In these
models we assume that all events of the robots are controllable and observable, and events
{Process;;|i = 1,2,3,4 A j = 1,2} U {Processy3} are uncontrollable and unobservable.
The local requirements are depicted in Figure 7.
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Figure 5: Example 1: Models of robots

R;-pick-B; R;,,-pick-B;

R, ,-drop-B, R-drop-B,

R-pick-B,;
R;.\-pick-B,

R,,,-drop-B; R-drop-B;

Figure 6: Example 1: Model of buffer B;

To synthesize a coordinated distributed supervisor, we first partition the system into four
modules. Module 1 consists of L;,, Lout, C11, C12, B1 and R;. Module 2 consists of Ca,
Cy2, By, By and Ry. Module 3 consists of Cs1, Cso, Bo, Bs and R3. Module 4 consists of
Cy1, Cyo, Cs3, B3 and R4. The system partition is depicted in Figure 8. With Module i
(i =1,2,3,4) we associate H;1, H;2, H;3 and H;4 as local specifications. For each module
we synthesize a local supremal nonblocking state-normal supervisor. For example, for
Module 1 we first compute the standardized plant model

1= p(Lin) X p(Lout) X p(C11) x p(C12) x p(B1) x p(R1)
then we compute the local requirement
HY = p(Hi1) x p(Hiz) x p(Hiz) x p(Hia)
Based on G7 and HJ we synthesize the local supervisor S7. Then we apply the same

procedure to synthesize local supervisors for other modules. The computational results
are listed as follows:

GT (73,277) ; HT (17, 65) ; ST (58, 119)
G3 (285, 1229) ; HJ (17, 65) ; ST (138, 327)
G7 (285, 1229) ; HI (17, 65) ; ST (138, 327)
G7 (209, 729) ; H] (17, 65) ; ST (112, 222)

where in each tuple (x,y), « denotes the number of states and y for the number of tran-
sitions.

Next, we compute a local coordinator for Module 1 and Module 2, and a local coordinator
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Figure 7: Example 1: Models of local requirements
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Figure 8: Example 1: Partition of the system

for Module 3 and Module 4. To this end, we first compute an abstraction of each module.
We use a heuristic rule to choose an abstraction alphabet for each module, which is
described as follows: the alphabet should contain all “boundary” events, i.e. events
shared between the current module and other modules, and between the current module
and the environment. For example, the abstraction alphabet for Module 1 consists of
events shared between Module 1 and Module 2 (which are events of By) and events
Ry — pick — L;;, and Ry — drop — Ly because these two events describe how Module
1 gets input from the external world and generates output to the external world. The
abstraction alphabet for Module 2 is the set of all events shared between Module 2 and
its two neighbors Module 1 and Module 3. Similarly, we have the abstraction alphabets
for Module 3 and Module 4 respectively. As an illustration we describe how to obtain
the coordinator Si5 for Module 1 and Module 2. We first compute two abstractions:

Wy = (GI X S{)/ ’&‘EAIT (22, 58); Wy = (G; X Sg)/ ’;:1227— (53, 139)

where ¥, (1 = 1,2) is the local abstraction alphabet for Module i. Then we compute
the product of two abstractions G7, := Wi x Wa. Since there is no extra requirement for
G7,, we create a nominal one, which simply allows all events of two abstractions. After
that, we synthesize the supremal nonblocking state-normal supervisor 57, of G7, under
the nominal requirement, which is treated as a coordinator of Module 1 and Module 2.
The computational results are listed as follows:
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7, (363, 1418); ST, (102, 240)

Similarly, the computational results for synthesizing coordinator S3, are listed as follows:

Ws (53, 139); Wy (15, 24); GT, (241, 705); ST, (36, 58)

Finally, we compute a coordinator to prevent potential conflict among all four modules.
To this end, we first compute two abstractions

(GT x G5 x ST x 83 x ST)/ ~g. © Wi (127, 843)
(G x GI x S x ST x S33)/ ~g C Waq (15, 24)

where 37, and %3, are abstraction alphabets for the composition of Module 1 and Module
2 and the composition of Module 3 and Module 4 respectively. Here, W15 and W34 are
computed by the SAP. Again, since there is no extra requirement, we create a nominal
one. Then we synthesize the supremal nonblocking state-normal supervisor for Wiy x
W34 under the nominal requirement, which is treated as the top-level coordinator. The
computational results are listed as follows:

Wia X Wayg (575, 3935); STpeq (28, 48)

Figure 9 depicts the local supervisors and coordinators with their corresponding modules.

Cy Gy Cs Cy
Lin
()@ () B ()@ ()E
Cp Cy Cy, Cyy
Sl SZ S3 S4
S12 S34

S1234

Figure 9: Example 1: Computation of multiple-level coordinators

The final distributed supervisor is S = {v(S7), v(S7),v(S3),v(S]), v(S75), v(53,), v(STas4) }-
We can check that, the maximum size of all computational results during the synthesis
is (575, 3935). As a comparison, the monolithic plant model has about 2.68 x 10® states.
Thus, the proposed coordinated distributed synthesis approach is computationally more
effective than the monolithic synthesis approach.

Example - a cluster tool
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Conclusions

In this paper we have introduced a coordinated distributed supervisor synthesis approach
based on abstractions of nondeterministic finite-state automata. The main advantage of
this approach is its simplicity and potentially low computational complexity in contrast
to existent distributed synthesis approaches based on observers. When a module con-
tains a large number of components, we can apply the proposed SAP procedure to obtain
an abstraction, which may significantly reduce the computational complexity. Because
supervisor synthesis is done in a local fashion, high complexity incurred by synchronous
product of a large number of components may be avoided. In addition, a certain degree
of implementation flexibility can be achieved in terms of reusing some local supervisors
when the structure of a target system changes. Although it is practically attractive to
compute a coordinator with the minimum number of states, we have shown that find-
ing such a coordinator is NP-hard. In general, the coordinated distributed supervisor is
less permissive than a monolithic supervisor. In this paper we have provided a sufficient
condition that guarantees the maximum permissiveness of the synthesized coordinated
distributed supervisor when partial observation and nondeterminism may be present in
the plant model.
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